Current strategies in cancer treatment employ combinations of different treatment modalities, which include chemotherapy, radiotherapy, immunotherapy, and surgery. Consistent with that approach, the present study demonstrates how chemotherapeutic agents can potentiate the delivery of radiolabeled, necrosis-targeting antibodies (chTNT-3, NHS76) to tumor. All chemotherapeutics in this study (5-fluorouracil, etoposide, vinblastine, paclitaxel, and doxorubicin) resulted in statistically significant increases in tumor uptake of radiolabeled antibodies and their F(ab')2 fragments compared to no pretreatment with chemotherapy. Labeled antibodies were administered at various time points following a single dose of chemotherapy in multiple tumor models, and the biodistribution of the antibodies was determined by measuring radioactivity in harvested tissues. MicroPET/CT was also done to demonstrate clinical relevancy of using chemotherapy pretreatment to increase antibody uptake. Results of biodistribution and imaging data reveal specific time frames following chemotherapy when necrosis-targeting antibodies are best delivered, either for imaging or radiotherapy. Thus, the present work offers the prospect of using cytoreductive chemotherapy to increase tumor accumulation of select therapeutic antibodies, especially when combined with other forms of immunotherapy, for the successful treatment of solid tumors. Mol Cancer Ther; 12(12); 2827-36. Ó2013 AACR.
Introduction
Monitoring therapy in patients with solid tumors is often difficult and unreliable. The response to treatment generally is monitored using computer tomography (CT) or magnetic resonance imaging (MRI) scans, positron emission tomography (PET) scans using 18 F-fluorodeoxyglucose ( 18 F-FDG; refs. 1, 2), or by measuring tumor markers present in the serum, such as CEA in colon (3) and breast cancer (4) or PSA in prostate cancer (5) . In most situations, it takes 4 to 6 weeks before a difference in tumor size is appreciated by CT or MRI, whereas in the case of serum measurement, there are only a few markers currently available (3, 4, 6) . Under current methods, patients are required to complete a full course of therapy before they are monitored for tumor reduction (1) (2) (3) . Because of the associated toxicity of combination chemotherapy, there is a dire need to monitor the response to therapy promptly. With that need in mind, our laboratory previously discovered that tumor necrosis can be targeted using monoclonal antibodies, designated Tumor Necrosis Therapy (TNT), directed against universally present, stable antigens retained by necrotic cells. As necrosis is an early result of successful therapy, TNT can be used to monitor cytoreductive therapies by pre-and posttherapy imaging. As opposed to imaging with 18 F-FDG, where response to therapy is reflected in decreased 18 F-FDG uptake, increased TNT signaling is expected to increase with successful therapy and can be used more immediately following therapy.
Since discovering this approach, we continued to generate new antibodies that have improved uptake in necrotic and degenerating areas of tumors. Two chimeric TNT antibodies, chTNT-1 and chTNT-3, were developed and binding studies confirmed that chTNT-3 is principally directed against single-stranded DNA and RNA and does not cross react with chTNT-1, which is directed against structures in the nucleosomes (7, 8) . In addition, a human TNT-1 antibody, designated NHS76, has been generated using phage display methods (9) . Unlike 18 F-FDG, which is solely used for imaging tumors by PET, radiolabeled TNT are currently in clinical trials for therapy of recurrent solid tumors including lung carcinomas and brain cancers. These ongoing clinical studies have provided strong evidence that TNT specifically target tumors in patients and are able to deliver radiation to the tumor site (10) (11) (12) . Because TNTs are also ideal for imaging and are able to target the majority of human and animal solid tumors, we developed chTNT-3 single chain derivatives (scFv, diabody and triabody), and Fab and F(ab 0 ) 2 fragments that clear rapidly yet retain their ability to localize to tumors (13, 14) .
In addition, our laboratory has pioneered the use of antibody immunoconjugates, such as interleukin (IL)-2 fusion proteins, to induce transient vasopermeability in tumor vessels (15) (16) (17) . This approach aims at altering the physiologic state of tumor vessels to enhance the tumor uptake of monoclonal antibodies and other macromolecules. These vasoactive reagents can be used to potentiate the effects of chemotherapy on the pharmacokinetics of drugs and antibodies administered subsequently (15) (16) (17) .
In this article, we show that TNT has better uptake following chemotherapy pretreatment. The addition of targeted IL-2 to the chemotherapy pretreatment further improved TNT uptake. More importantly, we show that enhanced uptake following chemotherapy is optimal at different times depending on the drug being used. For these studies, TNT antibodies (chTNT-3, NHS76), and chTNT-3 F(ab 0 )2 were characterized in vivo to define their pharmacokinetic properties before and after chemotherapy in solid tumor-bearing mice. chTNT-3 was also investigated with microPET/CT to illustrate how this approach can be translated to clinical imaging of tumors. It is anticipated that these biodistribution and imaging studies will form the basis of future clinical trials designed to monitor the effects of cytoreductive therapies by imaging necrotic responses and/or increase uptake of therapydelivering antibodies in patients with solid tumor.
Materials and Methods

Reagents
chTNT-3 (IgG 1 ), chTNT-3 F(ab 0 )2, and human monoclonal antibody NHS76 (IgG 1 ) were genetically engineered, expressed, and purified as described previously (8, 9, 13, 14) . The fusion protein, designated chTNT-3/IL-2, was constructed and expressed in NSO cells using the glutamine synthetase expression system (15, 18) . Sulfo-NHS (N-hydroxysulfosuccinimide) and EDC [ethyl (dimethylaminopropyl) carbodiimide] were purchased from Sigma-Aldrich Co.. 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was purchased from Macrocyclics, Inc.. BaBaSar is available from KeraFast (19) . Size exclusion PD-10 columns were purchased from GE Healthcare. Copper-64 ( 64 Cu) was obtained from Washington University (St. Louis, MO) and University of Wisconsin (Madison, WI). All chemotherapeutic drugs including 5-fluorouracil (5-FU), paclitaxel, doxorubicin, vinblastine, and etoposide (VP-16) were purchased from Sigma-Aldrich Co.
In vitro studies
Radiolabeling antibodies with 125 I. Purified chTNT-3, chTNT-3 F(ab 0 )2, and NHS76 monoclonal antibodies were radiolabeled with iodine-125 ( 125 I) using the modified chloramine-T method (8, 13, 20) . Briefly, 200 mCi of 125 I and 20 mL of an aqueous solution of chloramine-T (2 mg/mL) were added to 100 mg of antibody in 100 mL PBS. The solution was quenched after 2 minutes with 20 mL of sodium metabisulfite. Each reaction mixture was purified using a Sephadex G-25 column and yielded about 85%-90% recovered radiolabeled products. The radiolabeled antibody preparations were diluted with PBS for injection, stored at 4 C, and administered within 2 hours after labeling. Radioiodinated antibodies were analyzed using an analytical instant thin layer chromatography (ITLC) system consisting of silica gel impregnated glass fiber (Gelman Sciences). Strips (2 Â 20 cm) were activated by heating at 110 C for 15 minutes before use, spotted with 1 mL of sample, eluted with methanol/H 2 O (80: 20) , and analyzed for protein-bound and free radioiodine.
Radiolabeling antibodies with 64 Cu. Amino groups on the lysine side chain of chTNT-3 were conjugated with DOTA to form DOTA-chTNT-3. In brief, DOTA was activated by EDC and Sulfo-NHS for 30 minutes at pH 5.5 with a molar ratio of DOTA:EDC:Sulfo-NHS at 10:5:4 to synthesize DOTA-OSSu as reported previously (21, 22) . Without purification, DOTA-OSSu was cooled to 4 C and added to the chTNT-3 in 0.1 mol/L borate buffer, pH 8.5. The molar ratios of chTNT-3 to DOTA-OSSu were 1:2, 1:5, 1:10, and 1:20. The reaction mixtures were incubated at 4 C overnight. The DOTA-chTNT-3 was then purified using PD-10 columns.
For chTNT-3 conjugated to a sarcophagine cage (SarchTNT-3), amino groups on the lysine side chain of chTNT-3 were conjugated with the bifunctional chelator BaBaSar. BaBaSar-N-hydroxysulfosuccinimidyl (BaBaSar-OSSu) was synthesized by activating BaBaSar with EDC and Sulfo-NHS at a molar ratio of 5:5:4 as reported previously (19, 23) . Without purification, BaBaSar-OSSu was cooled to 4 C and added to chTNT-3 in 0.1 mol/L borate buffer, pH 8.5. The molar ratio of chTNT-3 to BaBaSar-OSSu was 1:5. The reaction mixture was incubated at 4 C overnight and the BaBaSar-chTNT-3 was then purified using PD-10 columns.
All 64 Cu labeling reactions for DOTA-chTNT-3 and SarchTNT-3 were performed using the same protocol (23) . In brief, 100 to 200 mg DOTA-chTNT-3 or BaBaSar-chTNT-3 were loaded with 64 CuCl 2 (37-74 MBq 64 Cu per 50 mg antibody) in 0.1 N ammonium acetate buffer, pH 5.5. The reaction mixture was incubated for 1 hour at 40 C with constant shaking. The 64 Cu-labeled antibody conjugates were then purified by PD-10 columns. The radioactive fractions containing 64 Cu-DOTA product was collected for subsequent in vitro and in vivo experiments.
Immunoreactivity and stability of radioimmunoconjugates. The in vitro immunoreactivities of radiolabeled chTNT-3, F(ab 0 )2, and NHS76 preparations were evaluated by an indirect fixed cell radioimmunoassay using Raji cells (American Type Culture Collection; ATCC) developed in our laboratory for TNT antibodies (7) . The in vitro serum stability of radiolabeled antibodies was also evaluated to determine whether deiodination occurs in the presence of serum. For this study, each radiolabeled antibody was incubated in triplicate in fresh mouse serum at 100 mg/mL at 37 C in a humidified incubator with 5% CO2. At 0, 1, 3, 5, and 8 days, protein-bound radioactivity was determined by adding 900mL of 10% trichloroacetic acid to 100 mL aliquots of radiolabeled antibody in serum. After 5-minute incubation at room temperature, protein precipitates were recovered by centrifugation and the radioactivity in 500 mL of supernatant was determined using a gamma counter.
Pharmacokinetics and biodistribution studies
Tumor models. The Madison 109 (MAD109) murine lung adenocarcinoma cell line was obtained from the National Cancer Institute (Frederick, MD) in 1990. The Colon 26 murine colorectal adenocarcinoma and the LS174T human colon tumor cell lines were obtained from ATCC in 1999 and 1989, respectively, and authenticated by short tandem repeat profiling in 2013 (ATCC and Promega). Cell lines were cultured in RPMI-1640 medium supplemented with 10% FBS (Hyclone), L-glutamine, penicillin G, and streptomycin. Normal BALB/c and athymic nude mice were purchased from Harlan Sprague Dawley. Institutional Animal Care and Use Committee approved protocols, and institutional guidelines for the proper humane care and use of animals in research were followed in all experiments.
To heterotransplant the LS174T human colon carcinoma cell line, a 0.2 mL inoculum containing 3 Â 10 6 cells was subcutaneously injected in the left flank of 6-week-old female athymic nude mice. The tumors were grown for 14 to 18 days until they grew to approximately 1 cm in diameter. For the Colon 26 and MAD109 models, BALB/c mice were injected with a 0.2 mL inoculum containing 3 Â 10 6 tumor cells subcutaneously in the left flank. The tumors were grown for 7 to 10 days until they reached approximately 1 cm in diameter.
Chemotherapeutic drugs pretreatment. Animal studies were performed to determine tumor uptake of the 125 I-labeled chTNT-3, 125 I-labeled F(ab 0 )2, or 125 I-labeled NHS76 antibody before and after chemotherapy drugs, including 5-FU (50 mg/kg), doxorubicin (10 mg/kg), VP-16 (30 mg/kg), paclitaxel (20 mg/kg), and vinblastine (1.4 mg/kg). Dosing was modified from previous studies (17) . Separate groups of tumor-bearing animals (n ¼ 4-5) were given intraperitoneal (i.p.) injections of drugs dissolved in 1 mL PBS at different times before a single intravenous dose of 125 I-labeled antibody (20 mCi/10 mg). In all the experiments, the animals were sacrificed at different times (1-5 days) for biodistribution analyses, where blood, lung, liver, spleen, stomach, kidney, and tumor were weighed and measured for radioactivity with a 1282 Compugamma Counter (LKB Wallac; refs. 14, 20).
For each mouse tissue or organ, the data were expressed as the percentage of injected dose per gram of tissue.
Combined vasopermeability enhancing agents and chemotherapy pretreatment. The ability of combining chTNT-3/IL-2 and chemotherapeutic drugs to increase tumor uptake of antibodies directed against DNA, was examined in the MAD109 tumor model. In these studies, MAD109-bearing BALB/c mice were injected intravenously with chTNT-3/IL-2 2.5 h before the intraperitoneal injection of VP-16 (30 mg/kg) or vinblastine (1.4 mg/kg), followed 1 day later with 125 I-labeled chTNT-3 (20 mCi/10 mg). The effect of chemotherapeutic drugs with and without chTNT-3/IL-2 pretreatment on tumor uptake was evaluated by biodistribution analyses performed 3 days after the administration of 125 I-labeled chTNT-3 as described above.
Imaging studies
Whole-body imaging studies were performed at the USC Molecular Imaging Center. For these studies, 6-week-old female BALB/c mice were prepared in a similar manner as the biodistribution experiments. A total of 3 Â 10 6 MAD109 cells were injected subcutaneously in the right flanks and allowed to grow to approximately 1 cm diameter. Mice received VP-16 (30 mg/kg) either 5, 3, or 2 days before intraperitoneal delivery of 64 Cu-Sar-chTNT-3 (100 mCi). PBS was used as a control for mice receiving no pretreatment.
Micro-PET and CT imaging were acquired using the Genesys 4 (Sofie Biosciences) and InveonCT (Siemens Medical Solutions USA Inc.) scanners, respectively. Mice were anesthetized with 2% isoflurane in oxygen during induction of anesthesia, injections, and throughout micro-PET/CT scans. Animals were administered intravenously with 100 mCi of 64 Cu-Sar-chTNT-3 i.p. At 2 and 24 hours after the administration of 64 Cu-SarchTNT-3, mice were anesthetized and placed into imaging chambers equipped with a heated coil to maintain body temperature and gas anesthesia. Scans on the Genesys 4 consisted of 20-minute acquisitions and were reconstructed with the maximum likelihood and expectation maximization (MLEM) algorithm using the Sofie Biosciences software. Micro-CT data were acquired after PET scans. Scans were acquired using the Inveon Acquisition Workplace software (Siemens Medical Solutions USA Inc.) using the following settings: 80 keV, 500 mA, binx4, low magnification, 360 o covered in 180 steps with two bed positions to produce a cube of 768 transaxial pixels Â 923 axial pixels and a 104 mm voxel size. CT scans were reconstructed using Cobra 6.9.4 (Exxim Computing Corporation) into CT datasets and coregistered with the Genesys 4 micro-PET data using AMIDE software (http://amide.sourceforge.net/). Regions of interest were drawn over tumor and muscle from the right forelimb on decay corrected whole body coronal sections. Becquerel per volume of tissue was determined for regions of interest using AMIDE. Data are represented as tumor to muscle ratios.
H&E staining for necrosis
MAD109 tumors were excised from mice following imaging by PET/CT. Tumors were fixed in 10% formalin, and bisected before embedding in paraffin. Five micron tissue sections were stained with hematoxylin and eosin (H&E). Images were captured on a Leitz Orthoplan microscope using a Nikon DS-Fi2 camera and on a stereo microscope using a SPOT RTke camera (Spot Imaging Solutions).
Statistical analysis
Significance levels were determined using the one-way ANOVA followed by Tukey post-hoc test or two-tailed student t test as indicated. Statistical analysis was done using GraphPad Prism software (GraphPad).
Results
Generation and testing of radioimmunoconjugates
All antibody preparations [chTNT-3, F(ab 0 )2, and NHS76] showed a radiolabeling efficiency of 80% to 85% with 125 I. ITLC analysis of all 125 I-labeled TNT revealed an R f value of 0 (TNT-bound) and a radiochemical purity of more than 99%. In addition, the radiolabeled TNT were examined for deiodination in mouse serum over a 5-day incubation period at 37
C. Approximately 95% of the activity was trichloroacetic acid precipitable for all the derivatives, indicating minimal release of free radioiodine over this time period.
A binding study was also conducted in which 125 Ilabeled antibodies were incubated with fixed Raji cells, and the bound radioactivity was used to calculate the immunoreactivity compared with the respective native antibody. As expected, this study showed that all radioimmunoconjugates retained a minimum of 70% of the binding activity to fixed cells.
For radiolabeling with 64 Cu, different reaction ratios were tested for DOTA-chTNT-3 conjugation. The radiolabeling yields were 55.3%, 52.5%, 54.7%, and 44.7% for DOTA/chTNT-3 reaction ratios of 2:1, 5:1, 10:1, and 20:1, respectively. The radiolabeling yield for Sar-chTNT-3 was 73.3%. Unlike DOTA-chTNT-3 conjugates, Sar-chTNT-3 retained 100% of binding ability compared to chTNT-3, and was therefore used in all subsequent experiments with 64 Cu-labeled chTNT-3 ( 64 Cu-Sar-chTNT-3).
Biodistribution and imaging studies Chemotherapeutic drug pretreatment. To monitor the cytoreductive effects of chemotherapeutic drugs on tumor, the most promising TNT constructs described above were used to quantitate their uptake using biodistribution and imaging studies in tumor-bearing mice before and after chemotherapy. Single doses of different chemotherapeutic drugs such as 5-FU, doxorubicin, VP-16, paclitaxel, and vinblastine were used in tumor-bearing mice. To determine the relationship between timing of pretreatment and tumor uptake, cytoreductive agents were injected intraperitoneally at various times before intravenous delivery of 125 I-labeled antibody derivatives.
Six representative examples of the studies are shown in Figs. 1-3 which illustrate marked differences in tumor uptake of 125 I-labeled NHS76, chTNT-3, and F(ab 0 )2 between the pretreated and control groups. For example, there was a statistically significant difference between 125 I-NHS76 uptake into Colon 26 tumors of non-pretreated mice, 4.16 AE0.27% ID/g (mean AE SD, n ¼ 5), compared to mice pretreated with 5-FU, 10.33 AE 1.02%ID/g (n ¼ 5), and mice pretreated with paclitaxel, 8.41 AE 0.33%ID/g (n ¼ 5), 2 days before receiving 125 I-NHS76 (P < 0.001; Fig. 1 ). The data in Figs. 2 and 3 also illustrate the specificity of tumor targeting with chTNT-3 and F(ab 0 )2 and their increased uptake in pretreated MAD109 and LS174T tumors (P < 0.001 for Figs. 2A and B and 3A; P < 0.05 for Fig. 3B ). While the optimal times for TNT administration following Error bars, SEM. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001 as determined using one-way ANOVA followed by Tukey post-hoc test. n ¼ 5 mice for all groups.
chemotherapy varied, none of the experiments showed maximal antibody uptake with chemotherapy pretreatment given 1 day before antibody administration. This finding could be due to the fact that optimal tumor necrosis may take longer than 24 hours to occur and/or normal tissues may need some time to repair so as to not reduce TNT availability to tumor necrosis sites. The relationship between antibody uptake and chemotherapy pretreatment are consistent with multiple antibody formats, different tumor models, and different chemotherapeutics (Figs. 1-3) . Furthermore, there was no statistically significant increase in radioactivity in blood and host tissues in mice pretreated with chemotherapy compared with non-pretreated mice (Figs. 1-3) .
Imaging studies. Imaging studies were also performed to demonstrate the potential of using TNT for clinical imaging of tumors. Micro-PET/CT imaging of 64 Cu-Sar-chTNT-3 in MAD109-bearing mice showed better uptake in tumor with VP-16 pretreatment compared with control animals receiving no pretreatment (Fig. 4) , and is consistent with biodistribution data shown in Fig.  2A . There is a greater density of radiolabel in tumor relative to muscle in all groups, but the largest tumor/ muscle ratios occurred in mice receiving pretreatment 2 and 3 days before administration of 64 Cu-Sar-chTNT-3 (P < 0.001 and P < 0.01, respectively; Fig. 4A ). Mice receiving pretreatment 5 days before administration of 64 Cu-Sar-chTNT-3 did not have statistically different tumor/muscle ratios from mice receiving no pretreatment, which further suggests that there is a critical window of time that 64 Cu-Sar-chTNT-3 should be administered following chemotherapy to maximize antibody uptake as expected.
To ensure that differences in antibody uptake are not due to differences in tumor sizes, tumors are shown in after 5-FU (50 mg/kg) in LS174T-bearing nude mice. Error bars, SEM. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001 as determined using one-way ANOVA followed by Tukey post-hoc test (A) and two-tailed Student t test (B). n ¼ 4 mice for all groups. and whole body volume rendering (Fig. 4D ). Unlike the biodistribution data shown in Figs. 1-3 , there is signal in the liver shown by PET, which can be expected when using 64 Cu as opposed to 125 I as the radiolabel. In spite of liver uptake, micro-PET/CT scans clearly demonstrate the uptake of 64 Cu-Sar-chTNT-3 by tumors in all treatment groups, with greatest tumor uptake in mice receiving VP-16 2-3 days before 64 Cu-Sar-chTNT-3 administration. Not surprisingly, tumors pretreated with chemotherapy had larger areas of necrosis as shown by H&E staining (Fig. 5) . Necrosis is present in all tumor sections, but larger and more numerous necrotic areas were observed in tumors from mice treated 2 to 3 days prior with VP-16. While it is possible that other mechanisms may contribute, such as tumor vascular changes, the increase in necrosis (target) is likely responsible for the increased uptake of chTNT-3 by tumors pretreated with chemotherapy.
Combined vasopermeability-enhancing agents and chemotherapeutic drugs pretreatment. We have previously described the benefit of chTNT-3/IL-2 pretreatment in the delivery of therapeutic molecules, both antibodies and drugs, to solid tumors (15) . In this study, the ability of chTNT-3/IL-2 to enhance labeled antibody uptake after chemotherapy, was examined in the MAD109 tumor model. MAD109-bearing BALB/c mice were injected intravenously with cold chTNT-3/IL-2 2.5 hours before the I-chTNT-3 administration. Tumor uptake of radiolabel increased significantly with the administration of chTNT-3/IL-2 in combination with VP-16 or vinblastine compared with no pretreatment (P < 0.001) and pretreatment with chemotherapy alone (P < 0.001; Fig. 6 ). Uptake of radiolabel into normal organs was not statistically different between pretreatment with chemotherapy alone and pretreatment with chemotherapy and chTNT-3/ IL-2. Although not shown here, previous studies show tumor uptake of 125 I-chTNT-3 following chTNT-3/IL-2 pretreatment alone to be similar to results with chemotherapy pretreatment (15) . Since the chTNT-3/IL-2 vasoconjugate and chemotherapy agents have different mechanisms of action (increased vasopermeability and increased necrosis, respectively), these approaches have additive or synergistic effects in increasing TNT uptake into tumors when used together.
Discussion
In the past decade, antibodies have emerged as a key tool for both the treatment and monitoring of cancer. As a therapeutic agent, antibodies may provide direct cytotoxicity to cancer cells (e.g., trastuzumab and rituximab), inhibit a mechanism for survival of cancer cells (e.g., bevacizumab), or deliver other therapeutic agents to the tumor (e.g., trastuzumab emtansine, and ibritumomab tiuxetan). While the use of antibodies in monitoring of cancer has been largely limited to the detection of serum biomarkers, antibodies are being further developed for their use in monitoring cancer by PET imaging, such as the use of 111 In-caromab pendetide (ProstaScint) for the imaging of prostate cancer after Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001 as determined using one-way ANOVA followed by Tukey post-hoc test. n ¼ 4 mice for all groups.
Enhanced TNT Antibody Uptake (24) . However, the ability of antibodies to penetrate tumor tissue can limit their efficacy. Because antibodies are often used in combination with chemotherapy or with other treatments, the effects of these agents on the biodistribution and pharmacokinetics of other therapeutics must be considered. For example, while the combination of bevacizumab (anti-VEGF) and trastuzumab (anti-HER2) have made headway in clinical trials for advanced HER2 þ breast cancer (25), bevacizumab has also been shown to decrease accumulation of trastuzumab in the tumor due to normalization of tumor blood vessels (26, 27) . Similarly, the use of bevacizumab reduced delivery of chemotherapy to tumors in patients with non-small cell lung cancer (28) . These two examples illustrate the importance of optimizing dosing regimens and studying the pharmacokinetic changes caused by treatment combinations.
Prevoius studies have demonstrated the use of radiolabeled TNT in therapy (10-12, 15, 18) and in the imaging of tumors (14, 29) . We show here the versatility of using TNT following chemotherapy in different tumor models. While we have previously shown that TNT targets tumors (7) (8) (9) (10) (11) (12) (13) (14) , we specifically demonstrate that tumor uptake of TNT is aided by chemotherapy treatment. Furthermore, the enhanced antibody uptake seen with chemotherapy pretreatment is not accompanied by increased uptake in normal tissues. Because higher tumor to normal tissue ratios are desirable for lowering systemic toxicity, increasing therapeutic potential, or increasing specificity in imaging, chemotherapy followed by TNT administration is ideal for radiotherapy or tumor monitoring by imaging. However, it should be emphasized that timing of the delivery of antibody after chemotherapy is critical to maximizing tumor uptake and therapy. We show that different cytoreductive drugs demonstrated different optimal times for TNT uptake. In our tumor models, 5-FU and paclitaxel show optimal uptake of TNT at 48 hours posttreatment (Fig. 1) , whereas VP-16 shows optimal uptake at 72 hours posttreatment ( Fig. 2A) . While different drugs demonstrated different optimal pretreatment times for TNT uptake, they all fell in the range of 2 to 3 days before TNT administration. Different time frames are expected in human studies and with different dosing regimens; however, our results can be used to base future clinical trials involving patients undergoing antibody therapy after chemotherapy.
Other methods of inducing necrosis, such as radiofrequency ablation (RFA), are also expected to increase TNT uptake in tumors. Anderson and colleagues demonstrated specificity of TNT localization to RFA sites in patients with hepatic metastasis of different histologic origins (29) . Their results with RFA and our results with chemotherapy show that TNT are not limited to a specific tumor type or to any one method of inducing necrosis. Similar in concept, other studies have demonstrated increased uptake and therapeutic efficacy of antibodies to intracellular tumor antigens when combined with methods of inducing necrosis, such as radiation or chemotherapy (30) (31) (32) . While these studies appreciate the advantage of combining antibody therapy with radiation or chemotherapy, future studies should take into account that maximal uptake of antibodies targeting necrosis or intracellular antigens may only occur within a couple of days of necrosis pretreatment.
The effects of chemotherapy on TNT uptake are likely attributable to increases in necrosis (Fig. 5) . While changes in vasculature could contribute to improved antibody uptake, mean vessel densities, as assessed by CD31 staining, were not significantly different among VP-16 pretreated and non-pretreated tumors (data not shown). Studies on vascular changes would suggest that many agents would not improve the uptake of macromolecules, including antibodies, into tumors (33) (34) (35) (36) (37) (38) . Several agents, including VP-16 (33), doxorubicin (35) , cyclophosphamide (36), methotrexate (36) , dacarbazine (34) , vinblastine (37) , and 5-FU (36, 38) , have been shown to reduce angiogenesis, blood vessel density and permeability. While these may contribute to normalization of tumor blood vessels, studies have shown that normalization may actually decrease the uptake of antibodies into tumor (26, 27) . However, the effect of chemotherapy on tumor vasculature may be dependent on mechanism of action and dosing, as few studies have demonstrated that some agents, like taxanes, increase vessel diameter and permeability (39, 40) , which may increase antibody delivery to tumors. While the increase in necrosis is a likely explanation for enhanced TNT uptake due to the broad range of cytoreductive agents used, further studies can investigate how specific chemotherapeutics alter tumor interstitial pressure, availability of antigens, or penetration or retention of antibody in tumor tissue.
To improve uptake of antibody, we included in this study combining a vasoactive agent, chTNT-3/IL-2, to chemotherapy as part of the pretreatment regimen. We show that chTNT-3/IL-2 in conjunction with chemotherapy increased the uptake of antibodies into tumor tissue. IL-2 is known to enhance vascular permeability, as exemplified by its induction of vascular leak syndrome (41) . Other studies have also demonstrated the effects of IL-2 on vascular permeability in tumor models (15, 16, 18, 42, 43) . Pretreatment with free IL-2 increased tumor uptake of radiolabeled antibodies, but also increased uptake in normal lung, liver, spleen, and kidney in a mouse xenograft model (42) . Because of non-specificity of vascular effects and toxicity, localization of IL-2 to the tumor microenvironment is ideal. With chTNT-3/IL-2 and chemotherapy pretreatment, we show no increase in 125 I-chTNT-3 uptake in IL-2-sensitive normal tissues such as, lung, liver, and kidneys. In agreement with our results using chTNT-3/IL-2, IL-2 conjugated to an anti-CEA antibody resulted in enhanced vascular permeability in CEA þ tumor but not host organs (43) . The use of chTNT-3 as opposed to an antibody to a single antigen on specific tumors offers several benefits. Targeting tumor necrosis, which is a feature in all solid tumors, allows the chTNT-3/IL-2 conjugate to be used in different solid tumors and is not limited by the loss of antigen expression that can occur during tumor development, metastasis, or treatment.
Here, pretreatment with chemotherapy (vinblastine or VP16) and chTNT-3/IL-2 have additive or synergistic effects in the uptake of radiolabeled chTNT-3 into tumor tissue. Because we show that several chemotherapeutic drugs as single agents can enhance the uptake of TNT and antibody fragments, we expect that the tumor specificity of chTNT-3/IL-2 can also be enhanced by standard chemotherapy. Because chemotherapy and therapeutic antibodies are often given in cycles, one can imagine the accumulating benefit with each cycle of chemotherapy and chTNT-3/IL-2. With each dose of chemotherapy, more chTNT-3/IL-2 would be expected to accumulate into tumor tissue. With the accumulation of chTNT-3/IL-2 in the tumor, greater vascular permeability, and therefore, greater entry of drugs and other therapeutics, with less side effects in normal tissue would be expected.
Another potential benefit of the chTNT-3/IL-2 conjugate not explored in this paper is the pivotal role IL-2 plays in stimulating lymphocytes and activating killer cells, such as natural killer and CD8 þ cytotoxic T cells. For this reason, IL-2 is used in the treatment of melanoma and renal cell carcinoma (44) . Targeting IL-2 to the tumor, not only enhances vascular permeability, but could also serve as a stimulatory molecule for immune cells at the tumor site. The combination of cytotoxic agents with immunotherapy is appealing, since some chemotherapeutic drugs can elicit and contribute to an immune response (45) . This study did not study host immune responses, but future studies can explore the presence of activated immune cells in the tumor as a result of pretreatment with chemotherapy and chTNT-3/IL-2.
In this article, we demonstrated that pretreatment with different chemotherapeutic drugs (5-FU, paclitaxel, VP-16, doxorubicin, and vinblastine) enhanced the uptake of radiolabeled TNT in several different murine solid tumor models. The inclusion of chTNT-3/IL-2 in the pretreatment further increased uptake of radiolabeled TNT. Our studies with chemotherapy and chTNT-3/IL-2 exemplify how immunotherapy is not only compatible with chemotherapy, but also shows that the two can be used synergistically in the delivery of treatment to solid tumors. Finally, we have demonstrated that PET/CT imaging with radiolabeled TNT can be used to monitor the extent of necrosis early after drug administration to fulfill an important unmet clinical need. 
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